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Abstract 
Under a strong transport current, the induced voltage in superconductor 
nanomembranes in a magnetic field with submicron inhomogeneity shows a pulse on a 
certain interval of the magnetic field. It is a manifestation of a wide phase-slip domain. 
The topological transition accompanying the phase-slip effect consists in the occurrence 
of two new loops of weak superconducting currents connecting two regions of 
superconducting screening currents, which are disconnected in case of vortex-chain 
dynamics. In the middle of the phase-slip domain, rapid dynamics of the superconducting 
order parameter consists in decoupling of a spontaneously nucleated vortex-antivortex 
pair, subsequent motion of a vortex and an antivortex in the opposite directions followed 
by their annihilation with an antivortex and a vortex from the adjacent pairs. The 
submicron-scale inhomogeneity of the magnetic field can be achieved through a direct 
patterning of the magnetic field applied to a planar membrane or using advanced 
nanostructuring, such as roll-up technology, focused ion-beam deposition or coating 
carbon nanotubes by superconducting materials. If the applied magnetic field is 
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orthogonal to the axis of a microtube, which carries transport current in the azimuthal 
direction, the phase-slip regime is characterized by the vortex-antivortex lifetime of 10-15 
s versus 10-12 s for disconnected vortex dynamics in the half-tubes. The phase-slip 
dynamics determines the voltage-magnetic field and voltage-current characteristics in 
nanoarchitectures with multiple disconnected loops of superconducting screening 
currents. 
 
 Topological defects in a superconductor, where the order parameter locally vanishes and 
its phase has no definite value, lead to the emergence of a finite resistance: “the superconductor 
is no longer “superconducting” in a practical sense: it offers resistivity to the current!” [1]. The 
most well-known topological defects are vortices (antivortices) in a 3D superconductor, where 
the superconducting order parameter decreases from a certain value in the region far from a 
defect to zero on a line called vortex core [2]. The phase of the order parameter is not defined 
on the vortex core. When encircling a vortex core, the phase of the order parameter changes by 
2 for ordinary vortices/antivortices or by an integer multiple of 2n (n=2,3…) for giant 
vortices/antivortices.  
Under certain circumstances, topological defects occur in confined superconductor 
structures. The total phase advance by a multiple of 2 around a topological defect is called 
phase slip. The concept of the phase slippage in the resistive state of the narrow (quasi-1D) 
superconductor filaments was introduced in [3]. At the phase slip event, both Re  and Im  
vanish at a point along the filament. The analysis in [3] was based on the thermal-fluctuation-
dominated regime of the occurrence of phase slips near the critical temperature. Fluctuation-
driven phase slips may be considered as a sequence of the events of local vanishing and local 
reappearance of the order parameter. Following [4], let us assume, that in a quasi-1D 
superconductor carrying transport current just below the critical temperature, there occurs a 
weak link (a domain of weakened superconductivity). In case if the transport current is slightly 
increased, the superconducting state vanishes in the weak-link domain. In the next instance, the 
weak-link domain reveals normal conductivity mediated by unpaired electrons, whose drift 
velocity is reduced by inelastic scattering. As long as there are unpaired electrons below the 
critical temperature with a drift velocity smaller than the critical velocity of the condensate, 
those electrons condense into Cooper pairs, which are accelerated to carry the current as a 
supercurrent, and the process repeats again. 
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Later, other mechanisms of phase slips were developed. In particular, inhomogeneity of 
a superconductor filament [5] makes its critical current inhomogeneous, so that an increase in 
the transport current leads to a local collapse of the order parameter. The entire current must be 
then carried as the normal current. This allows superconductivity to reappear, and the cycle to 
repeat. For low temperatures below 0.2 K, the behavior of a 1D superconductor was shown to 
be dominated by quantum-mechanical tunneling through the free-energy barrier: quantum 
phase slips [6]. An experimental evidence for a quantum phase transition driven by the quantum 
fluctuations in a 2D superconductor has been recently obtained through magneto-transport 
measurements [7]. 
A further insight in the phase-slip phenomenon was gained for 2D and quasi-2D 
superconductors. For nanowires of 100 nm width (nanostripes), it was shown [8-9] that at 
relatively low current densities the one-dimensional Langer-Ambegaokar-McCumber-Halperin 
(LAMH) mechanism [3,10] based on thermally induced phase slip centers dominates over the 
two-dimensional mechanism related to unbinding of vortex – antivortex pairs below the 
Berezinskii-Kosterlitz-Thouless (BKT) transition in 2D [11-13]. A BKT-type crossover was 
detected in a trapped quantum degenerate gas of rubidium atoms [14]. At temperatures above 
the BKT critical temperature up until the critical temperature, thermal fluctuations are sufficient 
to unbind vortex-antivortex pairs, while below the BKT critical temperature all vortices are 
tightly bound into vortex-antivortex pairs [15]. The effect of the magnetic-field induced BKT 
scenario was observed in a 2D spin-dimer system by using a multilayer magnet [16]. Another 
example of a phase transition in superconducting vortex systems is a liquid – solid transtion 
experimentally found in 2D geometry [17]. 
At weaker transport currents, dissipation below the critical temperature is attributed to 
thermally activated motion of the order parameter over the free-energy barriers, which separate 
metastable states. At stronger transport currents, the free energy required for unbinding a 
vortex-antivortex pair is reduced, and the corresponding thermally activated contribution to the 
resistivity is expected to be dominant. In this regime, the resistivity due to vortex flow is 
substantially affected by electron heating. In an external magnetic field, the situation changes 
drastically. Even in a weak magnetic field, the contribution of moving vortices dominates over 
the thermally activated phase slip mechanism in the resistivity in superconducting wires of 
submicron width [8]. 
In novel superconductor nanostructured microarchitectures, e.g., open microtubes [18-
19] and microcoils [20-22] in a magnetic field orthogonal to their axes, distribution of the order 
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parameter over the surface may be highly inhomogeneous. This opens up new possibilities for 
manifestations of phase slips as compared to quasi-1D filaments and quasi-2D stripes. In the 
nanohelices as small as 100 nm in diameter and aspect ratio up to 65, fingerprints of vortex and 
phase-slip patterns have been experimentally identified and supported by numerical simulations 
based on the time-dependent Ginzburg−Landau equation [22]. In the present paper, we will 
show that a transition between different patterns of vortices is accompanied by occurrence of a 
weak link at the side of a microtube, which is opposite to the slit, giving rise to novel phase slip 
events. 
Quasi-2D superconducting nanoarchitectures provide a unique possibility to study the 
interplay of multiple disconnected regions of superconducting screening currents (SSCs), which 
are induced by an external magnetic field. The dynamics of topological defects 
(superconducting vortices and phase slips) and the topological transitions between different 
configurations of SSCs manifest themselves through voltage-current or voltage-magnetic field 
characteristics.  
The simplest example of multiple disconnected loops of SSC is the two loops of SSC 
(Fig. 1c), which can be realized experimentally in an open superconducting tube placed in a 
homogeneous magnetic field orthogonal to the tube’s axis (Fig. 1a). The 2D-cylindrical 
structure is convenient for the numerical study of the order-parameter dynamics, since the 
mathematical model can be formulated in a way equivalent to the planar structure in an 
inhomogeneous magnetic field. The tube has a cut in the paraxial direction. Two electrodes are 
attached to both edges of the slit (see Fig. 1a), in order to support an azimuthal transport current. 
The width of the slit is supposed to be much smaller than the circumference length 2πR and the 
electrodes extend along the entire length of the edges. The whole system is placed in the 
magnetic field 𝐁 = 𝐵𝐞𝐳, which induces SSC (Meissner currents) circulating in each half-tube. 
The superconducting state is described by the time-dependent Ginzburg-Landau (TDGL) 
equation for the complex-valued order parameter 𝜓 coupled with the Poisson’s equation (see 
Methods). 
 The SSC pattern for the planar structure is represented in Fig. 2a-2f, where the 
transport current is applied in the θ-direction. The superconducting current after subtraction of 
the transport current is presented in Figs. 2c, f. The solid lines are the current lines. Each vortex 
is a topoligical defect for the phase of the order parameter, while the phase-slip appearance is 
accompanied by the topological transition of SSCs. For the planar structure, the spacio-temporal 
analysis of the order parameter reveals a topological transition from one loop of SSCs (Fig. 2c) 
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to three loops (Fig. 2f) when the phase slip appears. However, no topological changes are 
detected in the vortex dynamics, when the phase-slip has appeared. The phenomenon of flux-
flow instability that governs the occurrence of localized regions with suppressed 
superconductivity was described theoretically in a disordered thin superconducting strip in a 
homogeneous magnetic field [23]. In an open nanotube, we observe that a region of the fast-
moving vortices (shown in Fig. 2g, h) near an edge transforms into a phase-slip region, which 
propagates to the opposite edge of the structure. Two loops of SSC are demonstrated in Fig. 2i.  
The phase-slip induced topological transition of SSC is shown in Fig. 3, where two 
loops of SSC transform into four loops. As distinct from the planar structure, this transition is 
associated with the topological changes in the vortex dynamics – vortex-antivortex pairs start 
to be generated at a frequency, which is three orders of magnitude higher than that for vortex 
chains. The manifestation of topological nature of vortices is shown in Fig. 3d, which depicts 
the phase of the order parameter. When encircling each vortex/antivortex core in a specific 
direction (for example, counter-clockwise) the phase changes by +2π  for a vortex and by  
–2π for an antivortex (see the black and white circles in Fig. 3e). The spacio-temporal structure 
of the phase slip is thus topologically different from the trivial topology of the initial two loops 
of SSC. The vortex-antivortex pairs generation has a striking similarity with the BKT-transtion 
obsreved in 2D systems (XY-models). Our simulation shows that when the magnetic field 
increases, the superconducting state without a phase slip reenters the structure with a chain of 
moving vortcies, which are then trasformed into channels of fast moving vortices (Fig. 3c, f). 
Such channels are supposed to be observed experimentally [24]. As a result of the sequence of 
transitions superconducting vortex statephase-slip statesuperconducting vortex state, a 
voltage pulse (Fig. 3e) is expected to be observed in the open tube, while in the planar structure, 
a monotonic growth of the voltage as a function of the magnetic field occurs. 
The obtained dynamics of the phase of the order parameter reflects the dynamics of 
kinematic vortex–antivortex pairs, first theoretically proposed in Ref. [25] and experimentally 
detected in Ref. [26] in planar microstructures. Kinematic vortex-antivortex pairs were shown 
[26] to have velocities higher than the Abrikosov vortex velocities.  In Refs. [25, 27], kinematic 
vortex–antivortex pairs were numerically described under strong transport current (close to the 
critical value) at zero and weak magnetic fields. In the tubular structure (Fig. 1a) multiple 
kinematic vortex-antivortex pairs nucleate under strong transport current at the regions with 
zero and weak normal-to-surface component of the magnetic field. Remarkably, the green loops 
of SSC in Fig. 3b connect front and rear half-tubes, thus introducing a new topology of the 
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superconducting current. A topological transition from two disconnected regions of SSCs (red) 
to four (red and green) and then back to two (red) such regions occurs with increasing the 
magnetic field for certain intervals of values of the transport current. Under these conditions in 
open tubes, the nucleation locus connects both halfs of the tube (Fig. 3b), as distinct from the 
previously known cases when kinematic vortex-antivortex pairs do not occur and the both halfs 
of the tube are strictly disconnected (Fig. 1c). Generation of the vortex-antivortex pairs marked  
with white and pink circles in Fig. 3d results from (i) their unbinding due to the high transport 
current and (ii) motion due to the Magnus force caused by the magnetic field. Nucleation and 
separation of vortex-antivortex pairs at the side of the microtube, which is opposite to the slit, 
are followed by their motion till (i) their denuncleation at the sides of the tube or (ii) annihilation 
of a vortex from the pair with an antivortex from a neighboring pair (resp. an antivortex from 
the pair with a vortex from another neighboring pair), when there exist two or more vortex-
antivortex pairs. The relatively fast motion of the vortices and antivortices on the side of the 
microtube, which is opposite to the slit, leads to an apparent picture of an extended static phase 
slip (Fig. 3a). As follows from the comparison with the calculated vortex dynamics in an open 
tube, the ratio of velocities for kinematic vortex-antivortex pairs and Abrikosov vortices is as 
large as about 2 orders of magnitude, what is close to that obtained for a Sn planar film [26].  
The voltage generated in DC transport represents different order-parameter states: the 
pure superconducting state, the mixed state (vortices and the superconducting state), the phase-
slips states and the normal state. A switching between those states corresponds to jumps in 
voltage as a function of the current or the magnetic field. The voltage pulse shown in Fig. 3 is 
calculated for the currents close to the critical ones (i.e. higher than 0.5JC). Within these values 
of parameters, the state of the order parameter is estimated to be very sensitive to the 
temperature. In Fig. 4, we represent the calculated voltage response for Sn which has different 
values of the coherence length and the magnetic field penetration depth as compared to Nb, 
under different temperature conditions. The order parameter state in Nb is more sensitive to 
temperature variations in comparison with Sn (as follows from the comparison of SI Fig. S2 
and Fig. S3).The temperature range, where the phase-slip regime exists, is wider for the Sn 
microtube than for the Nb one: the voltage pulse in Nb occurs for temperature varying within 1 
per cent of Tc, while for Sn this temperature range is increased up to 7 per cent of Tc. The 
voltage derivative as a function of the magnetic field demonstrates a relatively small peak for 
the case when vortices with a characteristic dimension ~4𝜉 each form a chain with a length just 
equal to the length L of the tube. 
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A nontrivial superconducting currents topology induces the phase-slip dynamics, which 
determine the voltage-magnetic field and voltage-current characteristics in nanoarchitectures 
with multiple loops of SSC. The spacio-temporal structure of the phase slips in an open tube 
and a planar structure is unveiled. The crucial difference between them lies in the vortex-
antivortex pair generation. The non-monotonous voltage-magnetic field and voltage-current 
characteristics imply a possibility to efficiently tailor the superconducting properties of 
nanostructured materials by inducing a nontrivial topology of SSCs. 
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Methods 
The system is placed in the applied magnetic field 𝐁 = 𝐵𝐞𝐳, which induces SSC 
(Meissner currents) circulating in each half-tube. The superconducting state is described by the 
time-dependent Ginzburg-Landau (TDGL) equation for the complex-valued order parameter 𝜓 
in the dimensionless form (see Tables 1, 2): 
 பట
ப௧
= − ቀ ଵ
௜ச
∇ − 𝐀ቁ
ଶ
𝜓 + (1 − |𝜓|ଶ)𝜓 − 𝑖κ𝜑𝜓, (1) 
where 𝐀 is the vector potential; 𝜑 the scalar potential and κ = 𝜆/𝜉 the Ginzburg–Landau 
parameter with the London penetration depth 𝜆 and the coherence length 𝜉. Boundary 
conditions follow from the absence of the normal component of the superconducting current at 
the free boundaries of the superconductor: 
 ቀ𝐧, ଵ
௜ச
∇ − 𝐀ቁ 𝜓ቚ
ப஽ೞ
= 0;    ቀ𝐧, ଵ
௜ச
∇ − 𝐀ቁ 𝜓ቚ
ப஽೤
= 0. (2) 
The scalar potential 𝜑 is found as a solution of the Poisson’s equation coupled with Eqs. 
(1), (2): 
 Δ𝜑 = ଵ
ఙ
(∇, 𝐣௦௖), (3) 
where the superconducting current density is 𝐣௦௖ =
ଵ
ଶ௜ச
(𝜓∗∇𝜓 − 𝜓∇𝜓∗) − 𝐀|𝜓|ଶ and 𝜎 is the 
normal conductivity. The transport current density 𝑗௧௥(𝑦) = const = 𝑗௧௥ is imposed via the 
boundary conditions for Eq. (3) at the edges of the slit, to which the electrodes are attached: 
 (𝐧, ∇)𝜑|ப஽ೞ = −
ଵ
ఙ
𝑗௧௥;     (𝐧, ∇)𝜑|ப஽೤ = 0. (4) 
The vector potential with components 𝐴௦(𝑠, 𝑦) and 𝐴௬(𝑠, 𝑦) (where 𝑠𝑅𝜃) is chosen 
in the Coulomb gauge  
 𝐴௦(𝑠, 𝑦) = 0;    𝐴௬(𝑠, 𝑦) = −𝐵𝑅cos ቀ
௦
ோ
ቁ. (5) 
In order to guarantee the gauge invariance of the solution, we use Link Variables [28]:  
𝑈ୱ = exp ቀ− ∫
௦
௦బ
𝑖𝜅𝐴௦(𝜒, 𝑦)𝑑𝜒ቁ ; 𝑈୷ = exp ቀ− ∫
௬
௬బ
𝑖𝜅𝐴௬(𝑠, 𝛾)𝑑𝛾ቁ . (6) 
Then the set of equations (1) to (4) takes the form: 
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Δ𝜑 = ଵ
ଶఙச
∑ఓୀ௦,௬ 𝐼𝑚 ቀ𝜓∗𝑈ఓ∗
பమ
பఓమ
ൣ𝜓𝑈ఓ൧ − 𝜓𝑈ఓ
பమ
பఓమ
ൣ𝜓∗𝑈ఓ∗൧ቁ ;
பఝ
ப௦
ቚ
ப஽ೞ
= − ଵ
ఙ
𝑗௧௥;         
பఝ
ப௬
ቚ
ப஽೤
= 0,
 (7) 
 
பట
ப௧
= ଵ
சమ
∑ఓୀ௦,௬ ቀ𝑈ఓ∗
பమ
பఓమ
ൣ𝜓𝑈ఓ൧ቁ + (1 − |𝜓|ଶ)𝜓 − 𝑖κ𝜑𝜓;
𝜓|௧ୀ଴ = Ψ(𝑠, 𝑦);    
ப
ப௦
[𝜓𝑈௦]ቚ
ப஽ೞ
= 0;    ப
ப௬
ൣ𝜓𝑈௬൧ቚ
ப஽೤
= 0.
 (8) 
 
We solve the set of equations (7), (8) numerically, using the relaxation method with a 
random (|| from the range [0, 1]) initial distribution of the order parameter(𝑠, 𝑦). In the 
presence of the magnetic field (𝐵 > 𝐵௖ଵ) and the transport current, it evolves toward a quasi-
stationary state. In the single-vortex-chain regime, the quasi-stationaly state is characterized by 
a periodic vortex nucleation and denucleation at the points on the edges with the highest or the 
lowest component of the magnetic field normal to the surface (see [18]). 
 
Table 1. Materials and geometrical parameters used for simulation (dirty limit [2] is used) 
 Denotation Value (for Nb) [19] Value (for Sn) [29-30] 
Penetration depth 
𝜆 = 𝜆଴ට𝜉଴ ൫2.66𝑙(1 − 𝑇/𝑇௖)൯⁄  
273 nm 269 nm 1 
Coherence length 𝜉 = 0.855ඥ𝜉଴𝑙 (1 − 𝑇/𝑇௖)⁄  58 nm 66 nm 
2 
GL parameter κ = 𝜆/𝜉 4.7 4.1 
Fermi velocity 𝑣ி = ඥ2𝐸ி 𝑚௘⁄  610
5 m/s 8105 m/s [30] 
Thickness of the film 𝑑 50 nm 50 nm 
Mean free electron 
path 
𝑙 6.0 nm 6.0 nm [31] 
Diffusion coefficient 𝐷 = 𝑙𝑣ி/3 1.210-3 m2/s 1.610-3 m2/s 
Relative temperature 𝑇/𝑇௖ 0.95 0.77 
Normal conductivity 
for a thin membrane 
[19] 
𝜎 = 𝑙/[3.7210ିଵ଺ 
(Om · mଶ)] 
16 (μOm·m)-1 16 (μOm·m)-1 
Table 2. Dimensionless units used for Eqs. (7) and (8) 
 Unit Value (Nb) Value (Sn) 
                                                          
1 Calculated from 0 = 34 nm [29] for the selected relative temperature.  
2 Calculated from 0 = 230 nm [29] for the selected relative temperature. 
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Time 𝜉ଶ/𝐷 2.8 ps 2.7 ps 
Length 𝜆 273 nm 269 nm 
Magnetic field Ф଴/[2𝜋𝜆𝜉] 20.6 mT 18.5 mT 
Current density ℏcଶ/[8𝜋𝜆ଶ𝜉𝑒] 60 GA/m2 55 GA/m2  
Electric potential √2𝐻௖𝜆ଶ/𝑐𝜏 540 μV 484 μV 
Conductivity 𝑐ଶ/[4𝜋𝜅ଶ𝐷] 31 (μOm·m)-1 30 (μOm·m)-1 
 
 Vortices move paraxially along the tube. The moving vortices generate an electric field, 
which is opposite to the transport current density. We evaluate this field in terms of the voltage 
between the two electrodes shown in Fig. 1a ΔΦ = 𝜑ଵ − 𝜑ଶ. The scalar potential 𝜑 is found 
from the Poisson equation (4), for which the following spacio-temporal averaging is applied in 
line with the typical experimental situation (see the voltage evolution in SI Fig. S1): 
 〈ΔΦ〉 = ଵ
௅ಅ்
∫்଴ ∫
௅ಅ
଴ [𝜑(𝑠ଵ, 𝑦, 𝑡) − 𝜑(𝑠ଶ, 𝑦, 𝑡)]𝑑𝑦𝑑𝑡, (9) 
where 𝑠ଵ and 𝑠ଶ are 𝛿/2 and 2𝜋𝑅 −
ఋ
ଶ
, correspondingly, 𝛿 is the slit width, LΦ is the length of 
the averaging area (its maximal value is the length L of the tube), 𝑇 ≫ ∆𝑡ଵ is the time of 
averaging, ∆𝑡ଵ is the time required for a vortex to reach the opposite edge of a tube after 
nucleation [18]. 
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Figures 
 
 
Figure 1: Scheme of the open tube (a) and the planar film (d). The 𝑦-axis is selected as the polar axis of cylindrical 
coordinates (𝜌, 𝜃, 𝑦). The azimuthal angle 𝜃 is counted from the direction of the 𝑥-axis passing through the middle 
of the slit, the corresponding arc length is 𝑠 = 𝑅𝜃. The applied magnetic field 𝐁 = 𝐵𝐞𝐳 is directed along the z-axis 
for the tube. The transport current (green arrows) flows from the rear electrode over the cylindtical curface to the 
front electrode. Distribution of the modulus of the order parameter |𝜓| in the Nb tube of radius 500 nm (b) and in 
the corresponding unrolled planar film (e). Vortices nucleate at the right edge, move in the direction opposite to 
the y-axis and denucleate at the left edge in the front half-tube and vice versa in the rear half-tube. Schemes of the 
SSC in the open tube represented on its surface (c) and on the planar film (f).  
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Figure 2: The vortex and phase-slip patterns in the planar structure under the magnetic field 2 mT (a, b, c) 
and 14 mT (d, e, f) and in the open tube under the magnetic field 6 mT (g, h, i). In each row, the l.h.s, central 
and r.h.s panels represent, correspondingly, the modulus of the order parameter, the phase of the order 
parameter, and the current density vector field encircled by the lines of SSCs. In panel h, the vortex cores are 
marked with black circles. 
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Figure 3: The modulus (a) [(c)] and the phase (d) [(f)] of the order parameter and the streamlines of the 
superconducting current (b) in a Nb nanotube of radius 400 nm under the applied magnetic field 10 mT [30 mT]. 
Red lines are disconnected loops of SSCs flowing in both half-tubes. The current distribution within the phase-
slip region (blue area in  panel (a)) consists of two new disconnected loops (green lines in (b)), between which the 
(dashed) line of fast dynamics of vortex-antivortex pairs (burgundy and brown circles) occurs. The voltage 
induced due to the moving vortices as a function of the magnetic field (e); distributions of the modulus of the order 
parameter for a few magnetic fields are shown in insets. All results are obtained at 𝑇/𝑇௖ =0.95 for the transport 
current density jtr = 20 GA/m2. 
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Figure 4: The modulus (b) and the phase (d) of the order parameter in a Sn nanotube of radius 400 nm under the 
applied magnetic field 9 mT. The voltage induced due to the moving vortices as a function of the magnetic field 
(b).  The voltage derivative as a function of the magnetic field (c). The upper inset is the relative size of the interval 
per one vortex L/(N/2) in a chain of N/2 vortices with respect to the characteristic dimension of a vortex 4𝜉. The 
lower inset is the zoomed plot of the voltage derivative in the magnetic field range from 10 mT to 30 mT. All 
results are obtained at 𝑇/𝑇௖ =0.77 for the transport current density jtr = 17.54 GA/m2. 
. 
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 For the vortex chain motion (Fig. S1b), the regular oscillations of the averaged over the 
contacts voltage (Fig. S1a) as a function of time are associated with a non-homogeneous vortex 
velocity. The velocity of a vortex near the nucleation point is higher as compared to its velocity 
in the middle or all the more so at the end of the chain near the denucleation point. This is 
implied by the vortex paths shown in Figs. 4a,b of Ref. [18]. Therefore, the maximal voltage 
induced by the moving vortices is observed, when the vortex nucleates and moves very fast, 
while the minimal voltage corresponds to the denucleation point, when the velocity of the 
vortex is the smallest.  
 For the phase-slip regime, the evolution of the voltage (Fig. S1d) dramatically differs 
from the vortex chain motion. The voltage asymptotically increases up to a stationary value 
(Fig. S1c). 
 Fig. S2 demonstrates a non-monotonic behavior of the average voltage as a function of 
the magnetic field at different temperatures for the Nb microtube. The phase distributions of 
the order parameter clearly reveal the emerging topological defects: vortices and phase slips.  
 The color diagram in the B–J axes for the Sn microtube (Fig. S3b) shows sharp edges 
of the regions with high values of the voltage, which correspond to peaks when the voltage is 
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plotted as the function of magnetic field at a specific current density value. The temperature 
range, where the phase-slip regime exists (Fig. S3a), for the Sn microtube is wider than for the 
Nb one (Fig. S2, central panel). For higher temperatures, the voltage peak becomes lower and 
wider. 
 
 
Figure S1. The voltage as a function of time for the vortex chain motion (a, b) and the phase slip regime (c, d) in 
the Sn microtube of the radius R = 400 nm. The temperature is T = 0.770Tc. The black arrows indicate the direction 
of the vortex chain motion. The blue arrows point to the time, at which the modulus of the order parameter is 
plotted. The transport current density is  jtr = 17.54 GA/m2 
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Figure S2. The average voltage (central panel) as a function of the magnetic field for the Nb microtube at different 
temperatures. The temperature varies from 0.945Tc to 0.955Tc. The order parameter distributions are given in insets 
for some temperatures and magnetic fields as indicated by blue arrows. Green arrows show the correspondence of 
the phase and modulus distributions. The transport current density is jtr = 20.0 GA/m2.  
 
 
Figure S3. The average voltage (a) as a function of the magnetic field for the Sn microtube at different 
temperatures. The temperature varies from 0.75 Tc to 0.8Tc. The voltage distribution is plotted as a color diagram 
in the B–J axes (b) at the temperature T=0.77Tc. The transport current density is jtr = 17.54 GA/m2.  
 
 
